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iomedical imaging research often involves comparing medical image quality by use of subjective human observation. The Likert scale is a commonly used assessment tool. It was developed by the psychologist Rensis Likert [1] in 1932 as a way of measuring attitudes. Use of the scale yields an ordinal dataset with arbitrary numbers that are significant only insofar as they can establish a rank order. Because the data are ordinal, most statisticians agree that it is inappropriate to perform parametric statistics (e.g., mean and SD) with Likert scale data [2] [3] [4] [5] [6] [7] [8] [9] [10] . Nonparametric analytic methods have thus been described for Likert scale image assessment [11, 12] , yet recent examples of parametric analysis can still be found in the literature [13] [14] [15] . The objective of our research was to explain and evaluate a known alternative method of image comparison that does not require a Likert scale. This alternative method is called pairwise comparison.
Before pairwise comparison was introduced into radiology, professional chess players had long been assessed in a pairwise manner at tournaments. In a chess tourna-
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and switched-order matchups (e.g., A versus B, B versus A). There are radiology literature examples in which pairwise comparison has been used in image assessment, but we could find no study that compared the accuracy of pairwise comparison with the accuracy of Likert scales [21, 22] .
Our aim was to compare the accuracy of pairwise comparison with that of a Likert scale in biomedical image assessment. We designed an experiment in which readers would assess chest radiograph sharpness using both pairwise comparison and a Likert scale. Gur et al. [19] used a similar study design, but our study is unique in that we studied pairwise comparison separately from a Likert scale. Our primary hypothesis was that pairwise comparison would be more accurate than a Likert scale. Our secondary hypothesis was that a Likert scale would be more accurate when the Likert scores are converted into ranks, the reader is required to make repeat assessments for each image, and the reader has image references for comparison.
Materials and Methods
This study was granted exempt status from our institution's committee on human research. Informed consent was obtained from all readers.
Images
The first step was to create a standardized set of images that all readers would assess. We decided, for the sake of simplicity, to have the readers assess the sharpness of a single chest radiograph that we digitally blurred. A normal chest radiograph of a young adult was chosen. Using Photoshop CS5 (Adobe Systems), we applied the motion blur effect to the chest radiograph nine times in 10-pixel increments. With the original radiograph, we now had 10 different radiographs, which varied linearly with 10 different degrees of sharpness. We designated each of these radiographs as having actual sharpness scores from 1 to 10, where 1 indicated the least sharp radiograph, and 10 indicated the sharpest (original) radiograph (Fig. 1) .
Testing Instrument
The second step was to assemble the different assessment tests. Three tests were created, and all were assembled in a Microsoft PowerPoint presentation. Sample slides from each test are shown in Figure 2 . The first test was called the pairwise comparison test (Fig. 2A) . This test consisted of 45 side-by-side comparisons of the 10 different radiographs with two radiographs per slide. The unique comparisons were presented randomly, and every unique comparison was included. Each reader was required to determine one of three possibilities: left radiograph is sharper, right radiograph is sharper, or radiograph sharpness cannot be differentiated.
The second test was called the Likert test without references. This test consisted of 10 slides with a single randomly presented radiograph on each slide (Fig. 2B ). This test was performed 4 times, with a complete set of 10 different slides shown randomly, for a total of 40 slides. This means that each reader saw each of the 10 radiographs 4 times. Each reader assigned a sharpness score between 1 (least sharp) and 10 (sharpest) for all 40 slides. We chose a 10-point scale (instead of the traditional 5-point Likert scale) so that it would be possible for a reader to achieve 100% agreement with the actual sharpness scores (which also ranged from 1 to 10). Before starting this second test, each reader was shown the actual sharpest and least sharp radiographs (Fig. 1) ; however, the readers did not have these references after beginning the test.
The third and final test was called the Likert test with references. The only difference from the second test was that this third test also included the reference radiographs scored 1 and 10 flanking the unknown radiograph (Fig. 2C) . To maximize and standardize the size of the unknown images across the three tests, the size of the reference images was reduced so that they would fit on one slide.
At the end of the three tests, there were two survey questions. The first question asked which test was easiest. The second question asked which test required the most guessing. The combined presentation was 125-slides long, including all three tests and instruction slides. The readers took the three tests in the order pairwise, Likert without reference images, and Likert with reference images under identical low-lighting conditions and using the same 15-inch (38.1 cm) 2011 Macbook Pro laptop (Apple) with screen resolution of 1440 × 900 pixels. Tests were performed in a dark room that simulated radiology reading room conditions. The readers' assessments and survey responses were read out loud and recorded by the same author, who sat behind them. The time required to complete the three tests was also recorded.
Readers
There were six readers, with different degrees of radiology interpretation expertise: three boardcertified pediatric radiologists with a certificate of added qualification (9, 4, and 2 years of experience after residency), one chest radiologist (3 years' experience after residency), one third-year radiology resident, and one radiology postdoctorate researcher. The readers were blinded to the experimental hypothesis and had not seen the radiographs before the test.
Analysis
The investigators were not blinded for analysis of the data. The results were analyzed with a Google Docs spreadsheet (Google) for descriptive statistics. The readers' responses were used to create a sharpness score for each of the 10 radiographs. For the pairwise comparison test, we counted a win each time a radiograph was considered sharper than its paired comparison. If a 
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reader could not distinguish an image pair (i.e., a draw), no points were added or removed for either radiograph. The numbers of wins were tallied and subsequently ranked in descending order from 10 to 1, with 10 representing the most wins (sharpest) and 1 representing the fewest wins (least sharp). For the Likert tests, scores were determined directly by the reader (from 1 to 10), and each radiograph was given an average score with a single decimal place. Subsequently, the individual and cumulative Likert scores were ranked in ascending order from 1 to 10, also on the scale of 1 being least sharp and 10 being sharpest.
We defined accuracy as the ability of a reader to reproduce the actual sharpness score. To determine accuracy, we calculated agreement between a reader's sharpness scores (and ranks) and the actual sharpness scores. To calculate this agreement, we used the Lin concordance correlation coefficient (CCC) [23] , which we calculated with an online calculator [24] . The CCC shows the strength of agreement between two sets of data. Although similar to the Pearson correlation coefficient, which is used to assess linear agreement, the CCC additionally shows departure from the 45° straight line that is expected with perfect agreement (i.e., when x = y) [23] . The CCC ranges from 1 (perfect agreement) to -1 (perfect disagreement). We used the recommended cutoffs for statistical significance that are listed in Table 1 . A CCC was calculated for each test result for each reader. The second test, Likert test without references, had CCCs calculated for the first 10 slides in addition to the entire 40 slides.
Results

Test Times
The 
Primary Hypothesis: Pairwise Comparison Test Had the Best Accuracy
When pairwise comparison scores were tallied, the resultant ranks had perfect correlation with actual sharpness scores (CCC, 1.0) ( Table 2) . Moreover, the substantial individual accuracy of each reader's pairwise comparisons was higher than the accuracy of every other Likert score, individual or cumulative (CCC, 0.98-0.99 vs 0.59-0.96) ( Table 3) .
Secondary Hypothesis: Accuracy Was Substantially Improved by Converting Likert Scores Into Ranks
For the Likert test without references, the readers overassigned low sharpness scores and underassigned high sharpness scores (Fig. 3) , resulting in poor cumulative accuracy (CCC, 0.83 for first 10 slides) ( Table 3 and shown in Figure 4 .
Ranked Likert scores yielded cumulative accuracies that were similar to the cumulative accuracy from the pairwise comparison test, though the pairwise comparison accuracy was still slightly higher (CCC, 1.0 vs 0.98-0.99) (Fig. 5) .
Readers Mostly Preferred the Pairwise Comparison Test
All six readers agreed that the Likert test without references required the most guessing. Five of the six readers agreed that the pairwise comparison test was easiest. One of the six thought that the Likert test with references was easiest.
Discussion
The goal of our study was to evaluate an alternative to the Likert scale for evaluating biomedical images. Our primary hypothesis was supported. The pairwise comparison method yielded perfect accuracy for the group and substantial accuracy for individual readers. The individual accuracy with Phelps et al.
pairwise comparison was better than the group accuracy with Likert scores. Moreover, most of the readers thought that the pairwise comparison method was easiest and that the Likert scale assessment without references seemed most like guessing. These findings support previous results in the psychophysics literature [16] [17] [18] [19] [20] . We speculate that pairwise comparison is better because it does not require the reader to remember the upper and lower limits of a scale. Because most biomedical imaging research is not going to have a perfect and a worst example to guide readers, the scale independence of pairwise comparison is convenient.
The main drawback of the pairwise comparison method is the number of comparisons required. For n images to be compared, the total number of comparisons equals (n -1) 2 / 2 + (n -1) / 2. The number of comparisons therefore increases exponentially with the number of images, whereas Likert scale assessments increase linearly with the number of images. The large number of pairwise comparisons increases test design time and reader time.
Our secondary hypothesis was that there are three ways to improve the accuracy of Likert scores without having to use pairwise comparison. The first way is to convert the Likert scores into ranks, and the results supported this. The readers in this study were reluctant to assign high scores, as though they were waiting for better images. This occurred even when the readers were provided with best and worst reference examples on the same slide. Underreporting of the extremes of a Likert scale is known as central tendency bias and has been described in the nonbiomedical literature [25, 26] . However, we corrected for this bias by converting the scores into ranks, which ensured that every reader's extremes were calibrated to be identical. This correction resulted in a substantial increase in accuracy, which was similar Biomedical Image Assessment to the perfect accuracy achieved with pairwise comparison. The two other hypothesized ways to improve Likert scores were not as helpful: Having readers repeat their Likert assessments and providing them with reference best and worst images did not noticeably improve accuracy. Moreover, the minimal improvement seen with the Likert test with references may have occurred simply because it was the last test, and readers had become familiar with the images. Therefore, of the three hypothesized ways to improve Likert score accuracy, the only one that substantially improved accuracy (and reduced interreader variability) was to convert the Likert scores into ranks.
The main limitation of our study relates to whether our results can be generalized to biomedical imaging research looking at more than just image sharpness of normal anatomy. Subjective assessment of image quality is useful, but diagnostic accuracy is far more important, and the results of our study may not be applicable to real clinical images. We also chose to evaluate a single parameter, image sharpness, although more rigorous parameters have been proposed in the literature [11, 12, 27] . We made this choice because image sharpness is an easy parameter to manipulate in a linear manner using fixed pixel increments. We could have chosen to alter tube voltage or current, but that would have required either a phantom or human subjects who provided informed consent, and the imaging results might not have been as predictably homogeneous as those in this study. Because the primary study question was to assess pairwise comparison, it was more important to have tight control over the differences between images. Although pairwise comparison proved beneficial in differentiating uniformly blurred images, perhaps there would be no benefit over a Likert scale for focal changes (e.g., detecting a lung nodule). Further testing is required to assess the performance of pairwise comparison with real clinical images and heterogeneous pathologic changes. We created a hypothetical imaging experiment (Appendix 1) to illustrate how a researcher can use pairwise comparison to assess any subjective imaging parameter and to show that the resultant ranks can be statistically evaluated by use of the Mann-Whitney U test [28] .
There were other limitations to our study. The radiographs were not reviewed at full diagnostic resolution at a radiology workstation; however, we did not believe that the lower resolution of our radiographs would have any study effect other than possibly nulling the hypothesis. The Likert tests were performed later in the experiment and might therefore have had an unfair advantage, because the readers might have become accustomed to the different radiographs. We chose to perform the pairwise comparison test first, so that any favorable result for the pairwise comparison test could not be assigned to an increase in familiarity with the images. The reference images for the last Likert test were smaller than the unknown images, which may have reduced the reader's benefit of having the references. In addition, the most common Likert scale is a 5-point scale, whereas our scale had 10 points, which might have been more difficult for readers to use consistently. However, results of studies suggest that the number of points on a Likert scale does not affect accuracy [29] [30] [31] . We chose a 10-point scale so that with 10 different radiographs 100% accuracy was possible for all tests, not just the pairwise comparison. Last, we had only six readers, and they had varying degrees of clinical radiology experience. With more than six readers and closer to uniform radiology experience, there might not have been as much interreader variability. However, we assumed that most biomedical imaging research is not conducted with a large number of readers. Therefore, our results would still provide practical information for most researchers. Of note, our least experienced reader's accuracy was similar to (and sometimes better than) the accuracy of the more experienced readers, likely owing to the simplicity of assessing image sharpness, which does not require clinical experience.
Conclusion
In keeping with results of previous studies, pairwise comparison is a better method of image assessment than are nonranked Likert scores, having higher accuracy and lower interreader variability. Pairwise comparison is easy for readers, though the number of comparisons required increases exponentially with the number of images studied. Therefore, pairwise comparison should be reserved for smaller biomedical imaging studies that have fewer readers and images. For more extensive studies, converting Likert scores into ranks will yield high accuracy without the need to perform pairwise comparison.
